The processing of sound changes and involuntary attention to them has been widely studied with event-related brain potentials (ERPs). Recently, functional magnetic resonance imaging (fMRI) has been applied to determine the neural mechanisms of involuntary attention and the sources of the corresponding ERP components. The gradient-coil switching noise from the MRI scanner, however, is a challenge to any experimental design using auditory stimuli. In the present study, the effects of MRI noise on ERPs associated with preattentive processing of sound changes and involuntary switching of attention to them were investigated. Auditory stimuli consisted of frequently presented "standard" sounds, infrequent, slightly higher "deviant" sounds, and infrequent natural "novel" sounds. The standard and deviant sounds were either sinusoidal tones or musical chords, in separate stimulus sequences. The mismatch negativity (MMN) ERP associated with preattentive sound change detection was elicited by the deviant and novel sounds and was not affected by the prerecorded background MRI noise (in comparison with the condition with no background noise). The succeeding positive P3a ERP responses associated with involuntary attention switching elicited by novel sounds were also not affected by the MRI noise. However, in ERPs to standard tones and chords, the P1, N1, and P2 peak latencies were significantly prolonged by the MRI noise. Moreover, the amplitude of the subsequent "exogenous" N2 to the standard sounds was significantly attenuated by the presence of MRI noise. In conclusion, the present results suggest that in fMRI the background noise does not interfere with the imaging of auditory processing related to involuntary attention.
INTRODUCTION
The neural basis of involuntary attention has been widely studied by using event-related brain potentials (ERPs). The positive P3a ERP response peaking at about 300 ms from onset of deviant sound within a monotonous train of repeating ("standard") sounds appears to be ERP sign of attention switching towards an unexpected auditory event (Squires et al., 1975 ; for reviews, see Knight and Scabini, 1998; Escera et al., 2000) . These unexpected auditory events could be either slightly different deviant sounds or widely deviant "novel" sounds. Typically the novel sounds used in the studies of involuntary attention are natural complex sounds (bell ringing, dog barking, etc.) each presented only once in a sequence. It has been found that novel sounds elicit a larger P3a than deviant sounds usually do, presumably because of their attention-catching nature . The involuntary attention switching to auditory stimulus change, reflected by the P3a, is presumably initiated by automatic change detection indexed by a preceding ERP response called the mismatch negativity (MMN) . In the case of widely deviant sounds (e.g., novel sounds among tone pips), the initiation of involuntary attention switch is presumably partly caused by the neural activity underlying the enhanced N1 response to these sounds Nä ä tä nen, 1992) . Several studies (Hari et al., 1984; Levä nen et al., 1996; Alho et al., 1998) have demonstrated that the sources of the magnetic counterparts of MMN and P3a are located in the superior temporal plane. Consistent with the magnetic results of Alho et al. (1998) , functional magnetic resonance (fMRI) data of Opitz et al. (1999a;  see also Celsis et al., 1999) showed bilateral activation foci in the superior temporal cortex and in the middle part of superior temporal gyrus, which corresponded to the MMN and P3a ERP responses, respectively.
Functional magnetic resonance imaging (fMRI) is a relatively new method of mapping the human cognitive brain function (Belliveau et al., 1991; Cohen and Bookheimer, 1994; Buonocore and Hecht, 1995; Ilmoniemi and Aronen, 1999) . Having the highest spatial resolution among the existing non-invasive brain imaging techniques, the fMRI is a powerful tool for dissociating the sources of neural activation localized in the same brain area. The auditory cortex exemplifies an area, where different processes associated with perception, short-term memory, and attention are located in adjacent areas (Nä ä tä nen, 1992; Strainer et al., 1997; Alho et al., 1998; Opitz et al., 1999a; Kropotov et al., 2000) .
There is, however, a problem that contaminates fMRI research on auditory functions. The acoustic MRI scanner noise may produce a masking effect on acoustical stimulation. The potential sources of periodic acoustical signals present during, e.g., a gradient-echo echoplanar imaging (EPI) sequence are several, including gradient switching, slice acquisition and radiofrequency excitation rates (Ulmer et al., 1998a; Ravicz et al., 2000) . In acoustical terms, the MRI scanner sound is not a broadband noise, but rather has a character of a complex sound (e.g., Hall et al., 1999) . Fourier analysis of this noise revealed predominantly low frequency energy peaks ranging from 50 to approximately 1000 Hz, depending of the type of the imaging sequence (Counter et al., 1997) . The amplitude of the gradient scanner noise of an EPI sequence with the parameters selected to create the "worst case" of acoustic levels could reach 114 dB SPL (Counter et al., 1997; Shellock et al., 1998) . The high intensity of this noise has even raised concern regarding hearing safety (Brummett et al., 1988) . Therefore it is strongly recommended to use hearing protection during MRI scanning.
Several studies have shown that the scanner noise in fact interferes with the auditory activation of the brain revealed by the fMRI (Cho et al., 1997; Elliott et al., 1999; Shah et al., 1999) . Auditory activation elicited by modulated tones in high noise condition results in a smaller number of activated voxels than that in lownoise condition . Furthermore, an increase of the background scanner noise during a phonetic discrimination task decreases the hemodynamic response in the auditory cortex (Shah et al., 1999) . Moreover, the scanner noise, causing brain activation especially in the primary auditory cortex (Bandettini et al., 1998; Ulmer et al., 1998b) , and, thus obscuring the activation pattern caused there by other sounds, was shown to increase pure tone hearing thresholds in the frequency range optimal for human hearing, namely 125-8000 Hz (Ulmer et al., 1998a) .
In solving the problem of the gradient noise, longer noise-free periods during acoustic paradigms were suggested to be helpful (Hall et al., 1999) . As the amount of noise depends on the number of slices in one acquisition volume and on the time between two consequent volumes (TR, repetition time), reducing the number of slices and increasing the repetition time would be beneficial. However, this would reduce the amount of acquired information and increase the measurement time. Different modifications of "sparse" temporal sampling have been suggested (Hall et al., 1999; Eden et al., 1999) . One of them is sparse acquisition that utilizes the physiological delay between neuronal activity and the related hemodynamic response registered by the fMRI. In sparse acquisition, acoustical stimulation is presented in the period of silence between two consecutive periods of the fMRI data acquisition, as was done, for example, by Opitz et al. (1999a Opitz et al. ( , 1999b , Celsis et al. (1999) , and Martinkauppi et al. (2000) . However, scanner noise may be more distracting during sparse scanning than during continuous scanning, like any sound occurring after silent period (cf. Nä ä tä nen, 1992). Distraction may affect results of any fMRI study on attention or on attention-dependent cognitive functions.
In studies of involuntary attention and novelty processing, stimulation paradigms include rare events among background events (Squires et al., 1975; Woods, 1990; Knight and Scabini, 1998; Escera et al., 2000) . Therefore the experimental sessions in these studies are usually already too long to be further prolonged for the purpose of sparse fMRI recording. For example, long measurement times increase head motion artifacts and may decrease attention to the primary task. However, to enable multimodal brain-activation imaging in acoustical studies it would be necessary to apply fMRI under conditions as similar as possible to those in studies using other methods, such as the recording of ERP and MEG responses.
The purpose of the present study was to clarify the possible effects of the MRI scanner gradient noise on the processing of auditory stimuli and on involuntary attention to changes in these stimuli as revealed by ERPs. Because spectrally rich MRI scanner noise may differently affect processing of simple and complex sounds, both pure tones and musical chords were used in the present study.
MATERIALS AND METHODS

Subjects
Ten healthy adults (age 18 -30 years, mean 24 years, six females) volunteered to participate in the study. All were right-handed and none of them reported any neurological or hearing disorders.
Procedure
The experiment was conducted in an electrically and acoustically shielded chamber. Subjects were instructed to watch a silent film and to ignore the auditory stimuli. There were two types of stimulus sequences, both consisting of standard (P ϭ 0.8), deviant (P ϭ 0.1), and novel (P ϭ 0.1) sounds. In the first type, the standard and deviant sounds were pure tones, with frequencies of 262 and 275 Hz, respectively. In the second type, the standard sound was a C/major chord (consisting of 262, 330, 392, 524, 660, 784, 1048, 1320, 1568, 2096, 2640, 3136, 4192, 5280 , and 6272 Hz tones) and the deviant sound was a C#/major chord (consisting of 275, 349, 415, 554, 698, 830, 1108, 1396, 1660, 2216, 2792, 3320, 4432, 5584 , and 6640 Hz tones). Novel sounds in both types of sequences were randomly taken from the same pool of 180 natural sounds, none of which appeared twice in a block of a given condition. The intensity of the standard and deviant chords was 50 dB SPL, while the intensity of standard and deviant tones was adjusted to 57 dB SPL so that their subjective loudness matched with that of the chords, as estimated by two experienced listeners. The duration of the stimuli was 200 ms. The rise and fall times of tones and chords were 10 ms. The maximal intensity of the novel sounds was 0 -10 dB lower than the intensity of the chords. All sounds were binaurally presented with Stim software and hardware (NeuroScan, U.S.A.) via open headphones (HD 455 Sennheiser, Ireland). The order of the stimuli was randomized, except for the fact that each deviant or novel sound was preceded by at least one standard sound. Stimuli were delivered in blocks of 400 sounds at a constant rate of one stimulus in 700 ms, with 24 stimulus blocks were presented to each subject. There were two sessions; one for the tone sequences and the other for chord sequences, each with 12 blocks. The sessions were run on different days, half of the blocks (in each session, in semirandom order) included MRI background noise. There was a break of about 15 min in the middle of each session. The duration of each session (with breaks) was approximately 3 h.
Noise
MRI noise was presented to subjects via 4 "openfield" loudspeakers positioned on both sides behind the subject's chair in the experimental chamber, with two loudspeakers on each side. The intensity of the noise at the subject's head was adjusted to 54 dB SPL, with the attenuation of external sounds by these headphones (HD 455 Sennheiser, Ireland) being negligible. In the present study, a prerecorded MRInoise produced by the continuous acquisition of 16 different brain slices with a gradient-echo EPI sequence in 1.5 T Siemens Vision (Erlangen, Germany) MRI scanner was used. The repetition time (TR) between the subsequent acquisitions of 16-slice volumes was 2.5 s, mimicking an actual fMRI measurement performed with the same machine and resulting in modulated MRI noise bursts of 2.1 s, with onsets separated by 2.5 s intervals (Fig. 1B) . The intensity of the noise attenuated by Nicolet-Eartips was measured at the opening of the MRI tube by a precision sound level meter (Bruel & Kjaer, Denmark) and was 57 dB SPL. The MRI noise was recorded with a digital tape-recorder (Sony TCD-D8, Japan) equipped with a remote microphone (EM 216 Vivanco), placed inside the headcoil of the MRI device.
During the experimental session, noise was delivered with a digital tape recorder simultaneously with the tones or chords and novel sounds delivered with the Stim software. Each session started and ended with the presentation of MRI noise with no other acoustical stimulation to obtain ERPs to the noise itself. For this purpose, one sample noise burst was digitized and repeatedly presented with the Stim software (NeuroScan, U.S.A.) as an ERP-eliciting stimulus. In each noise block there were 120 noise bursts presented with a stimulus onset asynchrony (SOA) of 2.5 s equalling the fMRI repetition time (TR) used to generate the present background noise. The temporal and spectral structure of the sample noise burst is shown in the Fig.  1 . Four noise blocks were presented to each subject, two before and two after the experimental session. The ERPs were averaged across all the blocks presented to the same subject.
Electric Recording
The electroencephalogram (EEG, amplifier passband 0.1-100 Hz, sampling rate 500 Hz) was recorded with Ag/AgCl electrodes and NeuroScan hardware and software. The electrodes were attached to the scalp according to the International 10 -20 System at Fz, Cz, Pz, Oz, C3, C4, T3, and T4, and at the left (LM) and right (RM) mastoids. An additional electrode was attached near to the left canthus. All electrodes were referred to an electrode attached to the tip of the nose (the scheme of the electrode positions is given in Figs. 1-3 in the upper right corner). To obtain ERPs, EEG epochs starting 100 ms before and ending 700 ms after each stimulus onset (for noise bursts 2500 ms after noise onset) were off-line averaged across the stimulus blocks separately for each sound-type and condition. All epochs containing voltage changes larger than Ϯ 80 V at any channel were excluded from averaging because they were probably caused by eye movements, blinks, muscle activity, and other extracerebral artifacts. The averaged responses were filtered with a digital filter with a passband of 0.5-30 Hz. The ERPs to standard sounds were thereafter subtracted from those to the deviant and novel sounds separately for each condition to obtain deviant-standard and novel-standard ERP-difference waves.
The baseline level for measuring the amplitudes of the ERPs and ERP difference waveforms was defined as the mean voltage of the 100-ms prestimulus period. The ERP components were determined as follows: the N1 was defined as the first negative peak of the ERP to standard sounds at around 100 ms from stimulus onset with P1 and P2 being taken as the positive peaks preceding and following, respectively, the N1. Further, the N2 was determined as the negative peak following the P2. The MMN was in turn determined as the maximal negative peak within the latency interval 120 -250 ms of the difference waveforms obtained by subtracting the ERP to the standard sound from those to the deviant and novel sounds. However, since novel sounds also enhance the N1 response the difference-wave negativity for novel sounds will be called N1/MMN in the following. The P3a was measured as the maximal positive peak of the difference waveform between ERPs to novel and standard sounds within the latency interval 200 -300 ms. The amplitudes and latencies of the ERP peaks were separately measured for each subject, sequence type, and condition. The P1, N1, P2, N2, N1/MMN, and P3a were measured at Cz, while the MMN was measured at Fz, because it is more frontally distributed on the scalp than the other ERP components studied (Nä ä tä nen, 1992). The mean ERP and difference-wave amplitudes were also measured over the consecutive 50-ms windows centered at the individual peak latencies across all channels.
Two-way analyses of variance (ANOVAs) T3/LM vs C4/T4/RM), and Laterality (C3/C4 vs T3/T4 vs LM/RM) were performed for the mean ERP amplitudes over the 50-ms windows to examine their lateral distributions.
RESULTS
ERPs to Noise Bursts
Noise bursts caused a prolonged sustained negativity that was maximal at the Fz electrode. The largest peak at the Fz had a mean latency of 377ms (Ϯ standard error 21 ms) and amplitude of Ϫ3.22 (Ϯ0.60) V. Figure 1 shows the grand-average ERPs to noise bursts at Fz together with a pattern and frequency spectrum of the noise burst.
ERPs to Standard Tones and Chords
Standard chords and tones elicited ERPs with P1, N1, P2, and "exogenous" N2 waves (Fig. 2) . The mean peak amplitudes and latencies of these waves are given in Table 1 . A two-way ANOVA for the peak latencies at Cz showed that P1 (F(1,9) ϭ 12.47, P Ͻ 0.01), N1 (F(1,9) ϭ 7.53, P Ͻ 0.05), and P2 (F(1,9) ϭ 6.67, P Ͻ 0.05) peak latencies were longer in Noise than in NoNoise Conditions. Furthermore, the N2 peak amplitude at Cz was smaller (F(1,9) ϭ 25.04, P Ͻ 0.001) in Noise than No-Noise Conditions, whereas there were no significant effects of noise on the P1, N1, and P2 amplitudes. The peak latencies of the P1 (F(1,9) ϭ 10.95, P Ͻ 0.01) and N1 (F(1,9) ϭ 29.97, P Ͻ 0.05) were longer for the tones than chords. Moreover, the peak amplitudes of the P1 (2-way ANOVA, F(1,9) ϭ 12.57, P Ͻ 0.01), P2 (2-way ANOVA, F(1,9) ϭ 12.57, P Ͻ 0.01), and N2 (2-way ANOVA, F(1,9) ϭ 9.65, P Ͻ 0.05) were larger for the chords than tones.
A four-way ANOVA (factors: Noise Condition, Sequence Type, Hemisphere, Laterality) showed that the mean ERP amplitudes at the lateral electrodes over the 50-ms periods centered at the N1 and N2 peak latencies were larger over the right than left hemisphere, (F(2,18) ϭ 7.38, P Ͻ 0.05) and (F(2,18) ϭ 22.12, P Ͻ 0.05), respectively. There was no significant effect of noise on the lateral distribution of any ERP deflection elicited by the standard sounds.
ERPs to Deviant Tones and Chords
The deviant-standard ERP difference waves showed MMN to deviant tones and chords at 120 -250 ms from stimulus onset (Fig. 3) . The mean peak MMN amplitudes and latencies are given in Table 1 . Two-way ANOVA showed that the MMN peak latency at Fz was longer (2-way ANOVA, F(1,9) ϭ 18.54, P Ͻ 0.005) and the MMN peak amplitude smaller (2-way ANOVA, F(1,9) ϭ 5.67, P Ͻ 0.04) for the deviant tones than deviant chords. No significant differences in the MMN peak latencies or amplitudes for the tones or chords were found between the Noise and No-Noise Conditions. Moreover, noise had no significant effect on the lateral distribution of the MMN to the deviant tones and chords.
ERPs to Novel Sounds
The novel-standard ERP difference waves revealed a negativity, presumably caused by an enhanced N1 re- Note. Mean (ϮSE) latencies and peak amplitudes of the P1, N1, P2, and N2 deflections in the ERP to standard sounds at Cz, the MMN to deviant sounds (measured at Fz from deviant-standard ERP difference waves), and N1/MMN and P3a responses to novel sounds (measured from the novel-standard ERP difference waves at Cz) in two types of stimuli sequence and two noise conditions. Asterisks refer to significant differences (P Ͻ 0.05 ϭ *, P Ͻ 0.01 ϭ **, P Ͻ 0.001 ϭ ***) between noise and no-noise conditions. sponse and the MMN, followed by a large P3a response (Fig. 4 , see also Table 1 ). There were no significant differences in the N1/MMN or P3a latencies or amplitudes between the Noise and No-Noise Conditions. Two-way ANOVA showed that the N1/MMN peak latency at Cz was longer for novel sounds among chords than for those among tones (F(1,9) ϭ 24.46, P Ͻ 0.001), whereas the N1/MMN peak amplitude was not significantly affected. The P3a peak amplitudes at Cz, in turn, were larger (F(1,9) ϭ 9.97, P Ͻ 0.05) for novel sounds among tones than for those among chords, whereas there was no significant difference in the P3a peak latency between the tone and chord conditions. Noise had no significant effect on the lateral distribution of either the MMN or P3a to the novel sounds.
DISCUSSION
The prominent ERP elicited by the MRI noise burst demonstrating a strong impact of scanner noise on brain activity is in accordance with previous results (Bandettini et al., 1998; Ulmer et al., 1998a) , showing an fMRI activation elicited by the scanner noise. The decrease of the amplitude and the increase of the latency of the ERP to the standard sounds in the noise condition probably are a result of acoustical masking by scanner noise. The masking effect of broadband white noise on the auditory ERP is well known. White noise decreases the amplitudes and increases the latencies of brain potentials already at the brainstem level (Burkard and Hecox, 1983; Gott and Hughes, 1989; Koroleva and Novitsky, 1997 ). The present data show that the MRI noise acts in the same direction.
The present data suggest that MRI noise does not have an influence on either MMN or P3a. MMN may, however, be influenced by background noise, which is qualitatively different from MRI noise. A recent study from our laboratory indicates that continuous white background noise attenuates the amplitude of MMN to deviant sounds but does not affect the amplitude of P3a to novel sounds in healthy subjects (Kujala et al., unpublished data) . MRI noise and white noise are very different from each other. White noise has the same power in all frequency bands, whereas the MRI noise does not (see Fig. 1 ). Acoustically MRI noise is not a broadband noise but rather a complex sound. Furthermore, the MRI scanner noise used in the present study was not continuous but consisted of repeating bursts of noise. The present results suggest that MRI noise masks the processing of tones and chords reflected by N1 and other early components, but does not affect the processing of stimulus changes reflected by the MMN and P3a responses.
In the present data, the MMN to the deviant chords was larger in amplitude and shorter in latency than the MMN to deviant tones. The increase of the amplitude and the decrease of the latency of MMN to spectrally rich sounds was previously described by Tervaniemi et al. (2000) . The P3a elicited by novel sounds among tones was larger than that elicited by novel sounds among chords. This finding could be explained by comparing the spectra of the tones, chords, and novel sounds. The difference between a spectrally rich natural sound and a chord is smaller than that between a natural sound and a pure tone. Therefore a natural sound among tones is more salient than the same sound among chords, probably causing a stronger involuntary attention shift, which might explain the large P3a (cf. Escera et al., 1998) .
The present results should be considered in future fMRI studies on auditory novelty processing. The findings that the P3a for novel sounds is more pronounced among tones than among complex sounds and that it is not affected by the scanner noise suggest that it is advisable to use pure tones instead of complex sounds as standard stimuli when studying involuntary attention to novel sounds with fMRI.
